The epithelial sodium channel (ENaC) is probably a heterotrimer with three well characterized subunits (␣␤␥). In humans an additional ␦-subunit (␦-hENaC) exists but little is known about its function. Using the Xenopus laevis oocyte expression system, we compared the functional properties of ␣␤␥-and ␦␤␥-hENaC and investigated whether ␦␤␥-hENaC can be proteolytically activated. The amiloride-sensitive ENaC whole-cell current (⌬I ami ) was about 11-fold larger in oocytes expressing ␦␤␥-hENaC than in oocytes expressing ␣␤␥-hENaC. The 2-fold larger single-channel Na ؉ conductance of ␦␤␥-hENaC cannot explain this difference. Using a chemiluminescence assay, we demonstrated that an increased channel surface expression is also not the cause. Thus, overall channel activity of ␦␤␥-hENaC must be higher than that of ␣␤␥-hENaC. Experiments exploiting the properties of the known ␤S520C mutant ENaC confirmed this conclusion. Moreover, chymotrypsin had a reduced stimulatory effect on ␦␤␥-hENaC whole-cell currents compared with its effect on ␣␤␥-hENaC whole-cell currents (2-fold versus 5-fold). This suggests that the cell surface pool of so-called near-silent channels that can be proteolytically activated is smaller for ␦␤␥-hENaC than for ␣␤␥-hENaC. Proteolytic activation of ␦␤␥-hENaC was associated with the appearance of a ␦-hENaC cleavage product at the cell surface. Finally, we demonstrated that a short inhibitory 13-mer peptide corresponding to a region of the extracellular loop of human ␣-ENaC inhibited ⌬I ami in oocytes expressing ␣␤␥-hENaC but not in those expressing ␦␤␥-hENaC. We conclude that the ␦-subunit of ENaC alters proteolytic channel activation and enhances base-line channel activity.
The epithelial sodium channel (ENaC) 2 is a member of the ENaC/degenerin family of nonvoltage-gated ion channels (1) . It is localized in the apical membranes of sodium-absorbing epithelia like the aldosterone-sensitive distal nephron, respiratory epithelia, distal colon, and sweat and salivary ducts. In these epithelia ENaC is the rate-limiting step for sodium absorption and plays a critical role in the maintenance of body sodium balance (1) (2) (3) (4) . In addition, ENaC expression has been reported in a number of other tissues, including skin, endothelial cells, vascular smooth muscle cells, and neurons where its physiological role remains to be determined (5) (6) (7) (8) (9) (10) (11) (12) .
In epithelial tissues ENaC is believed to form a heteromeric channel composed of three homologous subunits ␣, ␤, and ␥ (13). Each subunit contains two transmembrane domains (M1 and M2), a large extracellular loop, and short intracellular N and C termini. With their M2 domains all subunits are thought to contribute to the channel pore (1) . In the absence of a crystal structure for ENaC, its subunit stoichiometry remains a matter of debate. Nevertheless, the recently published crystal structure of the related acid-sensing ion channel ASIC1 suggests that ENaC is probably a heterotrimer (14 -16) .
In addition to the well characterized ␣␤␥-subunits, a fourth ENaC subunit, ␦-ENaC, has been cloned from a human kidney cDNA library with transcriptional expression in a range of tissues with highest expression levels in testis, ovary, pancreas, and brain. Small amounts of ␦-ENaC-mRNA were also detected in heart, placenta, lung, liver, kidney, thymus, prostate, colon, and lymphocytes but not in small intestine and spleen (17, 18) . So far little is known about the physiological role and the functional properties of this additional subunit. Genes corresponding to human ␦-ENaC have been identified in chimpanzee, dog, chicken, and rabbit (19) . Although it has previously been thought that ␦-ENaC is absent in rat and mouse (20, 21) , recent reports suggest that ␦-ENaC is expressed in mouse sperm (22) and in mouse pleural tissue (23) .
At the sequence level ␦-ENaC is more closely related to ␣-ENaC (37% amino acid identity) and to the recently described ⑀-subunit of Xenopus laevis (24) than to the ␤-and ␥-subunits of ENaC. The genes encoding ␦-hENaC and ␣-hENaC are localized on human chromosomes 1p36.3-p36.2 (25) and 12p13 (26, 27) , respectively. Thus, ␣-hENaC and ␦-hENaC are mapped to different chromosomes, whereas ␤-and ␥-hENaC are found within a common 400-kb fragment on chromosome 16p12 (28) and probably arise from gene duplication. Two splice variants of ␦-ENaC have been described as follows: a shorter form with 638 amino acids (GI 34101282) originally cloned from a human kidney cDNA library (17) and a longer form with 704 amino acids (GI 21752051) originally cloned from human testis (29) . In neuronal tissue the two isoforms have a cell-specific expression pattern (8) . So far no functional differences have been observed between the two splice variants expressed in heterologous expression systems (10) . In this study we used the shorter ␦-ENaC isoform, which was the first one to be cloned (17) .
In heterologous expression systems ␦-ENaC has functional similarities with ␣-ENaC. Isolated expression of ␦-hENaC in X. laevis oocytes results in small but significant amiloride-sensitive sodium currents (17) . These currents are increased by a factor of about 50 when ␦-hENaC is co-expressed together with ␤-hENaC and ␥-hENaC. In contrast, co-expression of ␦␤-, ␦␥-, or ␣␦-subunits results in small amiloride-sensitive currents similar to those seen with the expression of ␦-ENaC alone (17) . These findings suggest that ␦-ENaC preferentially assembles and functions as a ␦␤␥-channel.
The biophysical properties of the ␦␤␥-hENaC channel are different from those of the ␣␤␥-channel (17) . ␦␤␥-ENaC is more than an order of magnitude less sensitive to amiloride than ␣␤␥-ENaC for which the IC 50 for amiloride inhibition is about 100 nM (17, 30 -32) . Additional pharmacological differences are the activating effect of capsazepine and icilin on ␦␤␥-ENaC and its inhibition by Evans blue (21, 33, 34) . Another difference is the higher single-channel Na ϩ conductance of ␦␤␥-hENaC (ϳ12 pS) compared with ␣␤␥-hENaC (ϳ5 pS) (17) . Interestingly, both channels have a similar single-channel conductance for Li ϩ (ϳ7 pS). Thus, ␦␤␥-hENaC is more permeable for Na ϩ than for Li ϩ , whereas ␣␤␥-hENaC has a higher permeability for Li ϩ than for Na ϩ . Finally, ␦␤␥-hENaC but not ␣␤␥-hENaC has been reported to be activated by extracellular protons and may contribute to pH sensing (18, 35, 36) .
There is recent evidence that proteases contribute to ENaC regulation by cleaving specific sites in the extracellular loops of the ␣-and ␥-subunits but not the ␤-subunit (37) (38) (39) (40) (41) . The channel is thought to be in its mature and active form in its cleaved state, but there is evidence for the presence of both cleaved and noncleaved channels in the plasma membrane (42) . Cleavage may activate the channel by changing its conformation probably by releasing inhibitory peptides from the extracellular loops of ␣-and ␥-ENaC (43) (44) (45) . Cleavage of the ␥-subunit seems to be particularly important for channel activation by extracellular proteases (39, 46) . As far as we know it has not yet been shown whether the ␦-subunit is also proteolytically processed and whether ␦␤␥-ENaC can be proteolytically activated by exposing the channel to extracellular proteases.
In this study we investigated the functional properties of ␣␤␥-and ␦␤␥-hENaC expressed in X. laevis oocytes. Our starting point was the striking observation that the amiloride-sensitive whole-cell current (⌬I ami ) was significantly larger in oocytes expressing ␦␤␥-hENaC compared with control oocytes expressing ␣␤␥-hENaC. The aim of this study was to elucidate the underlying mechanisms by which the ␦-subunit enhances ENaC activity. Furthermore, we tested the hypothesis that the ␦-subunit alters proteolytic ENaC activation.
EXPERIMENTAL PROCEDURES
Plasmids-Full-length cDNAs for ␣-, ␤-, and ␥-hENaC and for the short isoform of ␦-hENaC (17) were kindly provided by H. Cuppens (Leuven, Belgium) and by R. Waldmann (Valbonne, France), respectively. They were subcloned into the pcDNA3.1 vector, and linearized plasmids were used as templates for cRNA synthesis (mMessage mMachine, Ambion, Austin, TX) using T7 as promotor. Site-directed mutagenesis extension overlap PCR was used to insert a FLAG tag in ␤-hENaC between Thr-137 and Arg-138, which corresponds to the site previously described for rat ␤-ENaC (47). The QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to introduce a cysteine at the degenerin site of ␤-hENaC to create an MTSET-sensitive subunit ␤S520C (48) . For the detection of ␣-and ␦-hENaC by Western blot analysis, we generated an ␣-and ␦-hENaC construct with an N-terminal HA tag (YPYDVPDYA) and a C-terminal V5 tag (GKPIPNPLLGLDST). Mutations were confirmed by sequence analysis (GATC Biotech, Konstanz, Germany).
Isolation of Oocytes and Injection of cRNA-Adult female X. laevis were anesthetized in 0.2% MS222 (Sigma), and oocytes were obtained by a partial ovariectomy. The oocytes were isolated from the ovarian lobes by enzymatic digestion at 19°C on a rocking platform for 3-4 h with 600 -700 units/ml type 2 collagenase from Clostridium histolyticum (CLS 2, Worthington) dissolved in calcium-free OR2 solution (in mM: NaCl 82.5, KCl 2, MgCl 2 1, and HEPES 1, adjusted to pH 7.4 with Tris). Defolliculated stage V-VI oocytes were injected (Nanoject automatic injector, Drummond, Broomall, PA) with an equal amount of cRNA per ENaC subunit (injected amounts of cRNA per ENaC subunit per oocyte (ng per subunit) are given under "Results" or in the figure legends). The cRNAs were dissolved in RNase-free water, and the total volume injected into each oocyte was 46 nl. Injected oocytes were stored at 19°C either in ND96 (high Na ϩ ) or in ND9 (low Na ϩ ). The latter solution contained (in mM) the following: NaCl 9, NMDG-Cl 87, KCl 2, CaCl 2 1.8, MgCl 2 1, HEPES 5 (adjusted to pH 7.4 with Tris). To prevent bacterial overgrowth, the solutions were supplemented with 100 units/ml sodium penicillin and 100 g/ml streptomycin sulfate.
Two-electrode Voltage Clamp-Oocytes were routinely studied 2 days after injection using the two-electrode voltage clamp technique essentially as described previously (49 -51) . The oocytes were placed in a small experimental chamber and constantly superfused with ND96 (in mM: NaCl 96, KCl 2, CaCl 2 1.8, MgCl 2 1, HEPES 5, pH 7.4 with Tris) at a rate of 2-3 ml/min at room temperature. Voltage clamp experiments were performed using an OC-725C amplifier (Warner Instruments Corp., Hamden, CT) interfaced via an LIH-1600 (HEKA, Lambrecht, Germany) to a computer running PULSE software (HEKA) for data acquisition and analysis. For continuous whole-cell current recordings, oocytes were routinely clamped at a holding potential of Ϫ60 mV. Amiloride-sensitive wholecell currents (⌬I ami ) were obtained by washing out amiloride (100 M) with amiloride-free ND96 and subtracting the wholecell currents measured in the presence of amiloride from the corresponding whole-cell currents recorded in the absence of amiloride.
Surface Labeling of Oocytes-Experiments were performed essentially as described (51, 52) using mouse monoclonal anti-FLAG M2 antibody (Sigma) as primary antibody and peroxidase-conjugated sheep anti-mouse IgG (Chemicon, Boronia Victoria, Australia) as secondary antibody. Individual oocytes were placed in a white U-bottom 96-well plate, and 50 l of SuperSignal ELISA femto maximum sensitivity substrate (Pierce) were added to each oocyte. Chemiluminescence was quantified with a Tecan GENios microplate reader (TECAN, Crailsheim, Germany). Results are given in relative light units.
Preparation of Membrane-enriched Fractions from Oocyte Whole-cell Lysates-30 oocytes per group were homogenized with a 27-gauge needle in 1 ml of homogenization buffer (in mM: HEPES 10, NaCl 83, MgCl 2 1, pH 7.9) supplemented with protease inhibitor mixture ("Complete Mini EDTAfree" protease inhibitor mixture tablets, Roche Diagnostics) and were sonicated three times for 5 s. After centrifugation at 1000 ϫ g for 10 min, the supernatant was collected and ultracentrifuged at 100,000 ϫ g for 1 h. The resulting pellet was resuspended in 150 l of homogenization buffer, and equal amounts of protein (50 g per lane in Detection of ENaC Cleavage Products at the Cell Surface-Biotinylation experiments were performed essentially as described previously (39) using 50 oocytes per group. All biotinylation steps were performed at 4°C. In some experiments oocytes were preincubated for 5 min either in ND96 solution or in ND96 solution containing 2 g/ml chymotrypsin. After washing the oocytes three times with ND96 solution, they were incubated in the biotinylation buffer (in mM: triethanolamine 10, NaCl 150, CaCl 2 2, EZ-link sulfo-NHS-SS-Biotin (Pierce) 1 mg/ml, pH 9.5) for 15 min with gentle agitation. The biotinylation reaction was stopped by washing the oocytes twice for 5 min with quench buffer (in mM: glycine 192, Tris-Cl 25, pH 7.5). Afterward, the oocytes were lysed by passing them through a 27-gauge needle in lysis buffer (in mM: NaCl 500, EDTA 5, Tris-Cl 50, pH 7.4) supplemented with protease inhibitor mixture according to the manufacturer's instruction. The lysates were centrifuged for 10 min at 1,500 ϫ g. Supernatants were transferred to 1.5-ml Eppendorf tubes and incubated with 0.5% Triton X-100 and 0.5% Igepal CA-630 (Sigma) for 20 min on ice. Biotinylated proteins were precipitated with 100 l of Immunopure-immobilized Neutravidin beads (Pierce) washed with lysis buffer. After overnight incubation at 4°C on a rotating wheel, the tubes were centrifuged for 3 min at 1,500 ϫ g. Supernatants were removed, and beads were washed three times with lysis buffer. 100 l of 2ϫ SDS-PAGE sample buffer (Rotiload 1, Roth, Karlsruhe, Germany) was added to the beads.
Western Blot Analysis-After separating the proteins by SDS-PAGE, they were transferred to polyvinylidene difluoride membranes by semi-dry blotting and probed with the indicated antibodies. Chemiluminescent signals were detected using ECL Plus (GE Healthcare).
Antibodies-HA-/V5-tagged ␣-or ␦-hENaC constructs were used to study the expression level of these subunits by Western blot analysis. Mouse monoclonal anti-V5 antibody (Invitrogen) and rabbit polyclonal anti-␤-actin (Sigma) were used at a dilution of 1:5000; rat monoclonal anti-HA antibody (Roche Diagnostics) was used at a dilution of 1:1000. To detect the ␤-and ␥-hENaC subunits in Western blot experiments, we used subunit-specific antibodies against human ␤-and ␥-ENaC that were obtained by immunizing rabbits (Pineda Antibody Service, Berlin, Germany). The antibodies were tested for specificity as described in the supplement material. Horseradish peroxidase-labeled secondary sheep anti-mouse, goat anti-rat, and goat anti-rabbit antibodies were purchased from Sigma, Jackson ImmunoResearch (West Grove, PA), and Santa Cruz Biotechnology (Heidelberg, Germany), respectively, and used at a dilution of 1:10,000.
Solution and Chemicals-Amiloride hydrochloride that was added from an aqueous 10 mM stock solution and ␣-chymotrypsin TLCK-treated (1-chloro-3-tosylamido-7-amino-2-heptanone) type VII from bovine pancreas were purchased from Sigma. MTSET was obtained from Toronto Research Chemicals (Toronto, Canada). N-Glycosidase F (PNGase F) and endoglycosidase H f were obtained from New England Biolabs (Ipswich, MA) to remove N-linked glycoproteins or the high mannose type N-glycans, respectively.
Peptide-The inhibitory 13-mer peptide (sequence LRGTL-PHPLQRLR) was synthesized and purified by high performance liquid chromatography (purity Ͼ95%) by Coring System Diagnostix GmbH (Gernsheim, Germany). The peptide was modified by N-terminal acetylation and C-terminal amidation. It was dissolved in an aqueous stock solution at a concentration of 27 M. Aliquots of this stock solution were kept at Ϫ80°C and were added to the bath solution on the day of the experiment to give a final concentration of 2.7 M.
Patch Clamp Experiments-Single-channel recordings in conventional outside-out patches were essentially performed as described previously using oocytes kept in low sodium ND9 solution after cRNA injection to prevent Na ϩ overloading (39, 53) . Pipettes were filled with potassium gluconate pipette solution (in mM: potassium gluconate 90, NaCl 5, Mg-ATP 2, EGTA 2, and HEPES 10, pH 7.28 with Tris). Seals were routinely formed in a NMDG-Cl bath solution (in mM: NMDG-Cl 95, NaCl 1, KCl 4, MgCl 2 1, CaCl 2 1, HEPES 10, pH 7.4 with Tris). After seal formation the bath solution was changed to a NaCl bath solution in which the NMDG-Cl was replaced by 95 mM NaCl. Outside-out patches were routinely held at a holding pipette potential of Ϫ70 mV, which was close to the calculated reversal potential of Cl Ϫ (E Cl ϭ Ϫ77.2 mV) and K ϩ (E K ϭ Ϫ79.4 mV) under our experimental conditions with experiments performed at room temperature. To obtain current-voltage (I-V) plots, the holding potential was varied from Ϫ100 to Ϫ10 mV in 30-mV increments. Downward current deflections correspond to cell membrane inward currents, i.e. movement of positive charge from the extracellular side to the cytoplasmic side. Single-channel current data were initially filtered at 500 Hz and sampled at 2 kHz. Single-channel current traces were re-filtered at 50 Hz to estimate the single-channel current amplitude and channel open probability (P o ) using binned amplitude histograms. Liquid junction potentials occurring at the bridge/ bath junction were measured using a 3 M KCl flowing boundary electrode. In NaCl bath solution the liquid junction potential averaged about 6 mV and was taken into account for data analysis.
Statistical Methods-Data are presented as mean Ϯ S.E. and were analyzed using GraphPad Prism 4.01 for Windows (Graph Pad Software Inc., San Diego). Statistical significance was assessed by the appropriate version of Student's t test. N indicates the number of different batches of oocytes, and n indicates the number of individual oocytes studied.
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RESULTS
ENaC Whole-cell Currents Are Larger in X. laevis Oocytes
Expressing ␦␤␥-hENaC Than in Those Expressing ␣␤␥-hENaCENaC is thought to function as a heterotrimeric channel. It is likely that both the ␣-subunit and the ␦-subunit can co-assemble with the other two subunits to form ␣␤␥-or ␦␤␥-ENaC. The resulting channels may have different functional properties. Therefore, we compared ENaC-mediated whole-cell currents in X. laevis oocytes heterologously expressing either ␣␤␥-or ␦␤␥-hENaC. Fig. 1A shows a representative whole-cell current trace from an ␣␤␥-hENaC-expressing oocyte (left) and another trace from an oocyte expressing ␦␤␥-hENaC (right). Recordings were started in the presence of amiloride in a concentration of 100 M known to inhibit ␣␤␥-ENaC and ␦␤␥-ENaC almost completely (17, 32) . At a holding potential of Ϫ60 mV washout of amiloride revealed a sizeable inward current component that corresponds to the ENaC-mediated sodium inward current. Re-addition of amiloride instantaneously returned the whole-cell current toward the initial base-line level. As illustrated by these traces and as summarized in Fig.  1B , the amiloride-sensitive whole-cell current (⌬I ami ) was on average about 11-fold larger in oocytes expressing ␦␤␥-hENaC than in matched oocytes expressing ␣␤␥-hENaC.
We routinely measured ⌬I ami 2 days after cRNA injection, because we know from previous studies that at this point ENaC expression is at a high level without compromising oocyte integrity. In addition, in one batch of oocytes we also measured ⌬I ami on day 1 after cRNA expression (Fig. 1C) . As expected, in ␣␤␥-and in ␦␤␥-hENaC-expressing oocytes ⌬I ami was smaller on day 1 after cRNA injection than on day 2, which probably reflects the fact that with longer incubation periods more time is available for ENaC synthesis and channel delivery to the plasma membrane (54) . Importantly, on both days ⌬I ami was significantly larger in oocytes expressing ␦␤␥-hENaC than in oocytes expressing ␣␤␥-hENaC. This confirms that the stimulatory effect of the ␦-subunit on ENaC currents is a robust phenomenon. The stimulatory effect of ␦-hENaC was also preserved when tagged ␣-and ␦-hENaC constructs were used with N-terminal HA and C-terminal V5 epitopes (data not shown).
Replacing Extracellular Na ϩ by Li ϩ Increases ⌬I ami in ␣␤␥-hENaC-expressing Oocytes but Decreases ⌬I ami in ␦␤␥-hENaCexpressing Oocytes-The single-channel Na ϩ conductance of ␦␤␥-hENaC is known to be 2-fold larger (ϳ12 pS) than that of ␣␤␥-hENaC (ϳ5 pS) (17) . In a bath solution containing Na ϩ as predominant cation, this difference is likely to contribute to the phenomenon that whole-cell currents in ␦␤␥-hENaC-expressing oocytes are larger than those in ␣␤␥-hENaC-expressing oocytes. In contrast, for Li ϩ the single-channel conductance is ϳ7 pS for both ␣␤␥-and ␦␤␥-hENaC (17). Thus, replacing extracellular Na ϩ by Li ϩ should lead to a single-channel conductance that is essentially the same in ␣␤␥-and ␦␤␥-hENaCexpressing oocytes. In experiments as illustrated in Fig. 2 , Na ϩ in the bath solution was completely replaced by Li ϩ , and ⌬I ami was determined in the presence of Na ϩ and in the presence of Li ϩ by washout and re-application of amiloride. As expected, changing from Na ϩ to Li ϩ in the bath solution increased ⌬I ami in ␣␤␥-hENaC-expressing oocytes ( Fig. 2A ) and decreased it in oocytes expressing ␦␤␥-hENaC (Fig. 2B) . To test the reversibility of the effect of Li ϩ on ⌬I ami , the bath solution was subsequently switched back to a Na ϩ -containing bath solution, and ⌬I ami was determined again. The slightly lower whole-cell Na ϩ currents in ␦␤␥-hENaC-expressing oocytes after washout of Li ϩ are most likely caused by spontaneous channel "rundown," which is a commonly observed phenomenon that is not yet well understood (55) . It is usually more pronounced in oocytes expressing large currents, which may explain why it is more prominent in ␦␤␥-hENaC-expressing oocytes than in ␣␤␥-hENaC-expressing oocytes. Interestingly, upon changing from FIGURE 1. ENaC whole-cell currents are larger in X. laevis oocytes expressing ␦␤␥-hENaC than in those expressing ␣␤␥-hENaC. Oocytes were injected with cRNAs coding for ␣␤␥-or ␦␤␥-hENaC (each 2 ng per subunit). Amiloride-sensitive whole-cell currents (⌬I ami ) were measured using the twoelectrode voltage clamp technique. A, representative whole-cell current traces of an oocyte expressing ␣␤␥-hENaC (left) or ␦␤␥-hENaC (right). Amiloride (ami, 100 M) was present in the bath solution during the time periods indicated by black bars. B, summary of similar experiments as shown in A performed in ␣␤␥-and ␦␤␥-hENaC-expressing oocytes. To pool data from 11 different batches of oocytes, individual ⌬I ami values were normalized to the mean ⌬I ami value of the corresponding ␣␤␥-hENaC-expressing control group. Numbers inside the columns indicate the number of individual oocytes measured. N indicates number of different batches of oocytes. C, ⌬I ami of ␣␤␥-and ␦␤␥-hENaC-expressing oocytes detected 1 and 2 days after cRNA injection. Each data point represents the mean ⌬I ami measured in 8 -10 individual oocytes of one batch. S.E. values are represented by vertical bars unless they are smaller than the symbols used. ***, p Ͻ 0.001, unpaired t test. OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42
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Na ϩ to Li ϩ , the observed ϳ3-fold increase of ⌬I ami in ␣␤␥-hENaC-expressing oocytes was larger than predicted from an increase of the single-channel conductance from 5 to 7 pS (Fig.  2C) . Thus, replacing Na ϩ by Li ϩ in the extracellular bath solution is likely to increase channel P o of ␣␤␥-hENaC in addition to increasing its single-channel conductance. In contrast, the decrease of ⌬I ami in ␦␤␥-hENaC-expressing oocytes by about 50% was close to the value predicted from the reduction of the single-channel conductance from 12 to 7 pS upon changing from Na ϩ to Li ϩ (Fig. 2C ). In the presence of Li ϩ the peak inward current increase observed in ␦␤␥-hENaC-expressing oocytes after washout of amiloride was usually followed by a steeper current decline than that observed in the presence of Na ϩ (Fig. 2B ). This suggests that exposure to Li ϩ affects the gating of ␦␤␥-hENaC in a complex and time-dependent manner.
Importantly, even in the presence of Li ϩ the average steady state ⌬I ami was significantly larger in ␦␤␥-hENaC-expressing oocytes (3.64 Ϯ 0.21 A) than that in ␣␤␥-hENaC-expressing oocytes (1.71 Ϯ 0.52 A, p Ͻ 0.01). This suggests that the channel P o or channel surface expression of ␦␤␥-hENaC must be larger than that of ␣␤␥-hENaC.
Channel Surface Expression Is Similar in ␣␤␥-and in ␦␤␥-hENaC-expressing Oocytes-To investigate channel surface expression, we used a chemiluminescence assay (51, 52, 56) . For this purpose we generated a ␤-hENaC construct with a FLAG reporter epitope inserted in its extracellular loop at the homologous site as reported previously for rat ␤-ENaC. At this site the FLAG epitope does not seem to interfere with normal channel function (47) . We chose to tag the ␤-subunit because this subunit is not known to be proteolytically cleaved (41) . To test the FLAG-tagged ␤-hENaC and to validate our chemiluminescence assay, we analyzed the surface expression of ␣␤␥-hENaC-expressing oocytes using different amounts of injected cRNA (0.1, 0.3, 1, and 3 ng per subunit) (Fig. 3A) . In an independent experiment we investigated the surface expression of ␦␤␥-hENaC-expressing oocytes using the same amounts of injected cRNA (Fig. 3B) . These experiments demonstrated that in ␣␤␥-and in ␦␤␥-hENaC-expressing oocytes a nearly linear correlation exists between ⌬I ami and the detected chemiluminescence signal reflecting channel surface expression.
In the experiments summarized in Fig. 3C we compare surface expression and ⌬I ami measured in parallel in ␣␤␥-and ␦␤␥-hENaC-expressing oocytes. Normalized data obtained in four different batches of oocytes are shown. Although ⌬I ami was much larger in ␦␤␥-hENaC-expressing oocytes compared with ⌬I ami in oocytes expressing ␣␤␥-hENaC, the chemiluminescence signals were not significantly different. Thus, under the assumption that the antibody binding to the FLAG epitope of the ␤-subunit is similar in ␦␤␥-and ␣␤␥-expressing oocytes, channel surface expression is similar in the two groups of oocytes. To confirm that the chemiluminescence assay can reliably detect an increase in channel surface expression under our experimental conditions, we performed control experiments in which the amount of ␣␤␥-cRNA injected per oocyte was increased from 1 ng per subunit to 3 ng per subunit. As expected, this significantly increased both ⌬I ami and the chemiluminescence signal (Fig. 3C) . The finding that the relative increase in chemiluminescence was larger than the increase in ENaC whole-cell currents demonstrates that our assay is very sensitive to detect an increase in channel surface expression. Thus, our experiments clearly indicate that an increase in cellsurface expression is not the cause for the increased ⌬I ami in oocytes expressing ␦␤␥-hENaC.
FIGURE 2. Replacing extracellular Na
؉ by Li ؉ increases ⌬I ami in ␣␤␥-hENaC-expressing oocytes but decreases ⌬I ami in ␦␤␥-hENaC-expressing oocytes. A and B, representative whole-cell current traces of an oocyte expressing ␣␤␥-(A) or ␦␤␥-hENaC (B) (each 1 ng per subunit). Na ϩ in the bath solution was temporarily replaced by Li ϩ . Amiloride (ami, 100 M) was applied as indicated by the black bars. C, mean ⌬I ami values from seven similar whole-cell current recordings as shown in A and B. n indicates number of individual oocytes measured from one batch. ns is not significant. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, paired t test, and § §, p Ͻ 0.01, unpaired t test.
␦-hENaC Enhances Channel Activity
␦␤␥-hENaC Has a Higher Average Open Probability than ␣␤␥-hENaC-To investigate whether the average P o of ␦␤␥-hENaC is increased, we used the S520C mutant of ␤-hENaC (␤S520C). A channel with this mutant subunit is thought to be converted to a channel with a P o of nearly 1 by exposure to the positively charged sulfhydryl reagent MTSET (32) . The chemical modification at this site destabilizes the closed state of the channel (48, 57) . As illustrated by two representative current traces, application of MTSET to oocytes expressing ␣␤S520C␥-hENaC (Fig. 4A) or ␦␤S520C␥-hENaC (Fig. 4B) caused a substantial increase in the amiloride-sensitive current in both ␣␤S520C␥-and ␦␤S520C␥-hENaC-expressing oocytes. At the beginning of the experiment the bath solution contained 100 M amiloride. Washout of amiloride revealed the presence of an amiloride-sensitive inward current component (⌬I ami ). Application of MTSET caused an inward current increase that approached a plateau after several minutes. Re-exposure to amiloride demonstrated that the observed current increase upon MTSET application was caused by an increase in the amiloride-sensitive current component, i.e. reflects a stimulation of ENaC. Importantly, the relative stimulatory effect of MTSET was larger in ␣␤S520C␥-hENaC-expressing oocytes than in those expressing ␦␤S520C␥ (Fig. 4C ). On average, in oocytes expressing ␦␤S520C␥-hENaC application of MTSET increased ENaC currents by a factor of about 2 consistent with an increase of the average P o from about 0.5 to 1 (Fig. 4C) . In contrast, in ␣␤S520C␥-hENaC-expressing oocytes MTSET increased ⌬I ami about 7-fold. Under the assumption that MTSET increased P o essentially to 1, this indicates that the average P o prior to the application of MTSET must have been about 0.14. These data indicate that the average base-line open probability of ␦␤S520C␥-hENaC is 3-4-fold higher than that of ␣␤S520C␥-hENaC. This can explain at least in part the larger amiloride-sensitive whole-cell current observed in oocytes expressing ␦␤␥-hENaC.
Co-expression of ␤␥-hENaC Enhances Proteolytic Cleavage of the ␣-Subunit but Not the ␦-Subunit-It is well established that proteolytic processing along the biosynthetic pathway is important for ENaC maturation and activation (41) . Thus, the increased average open probability of ␦␤␥-hENaC may reflect a difference in proteolytic channel processing. In a recent study it has been demonstrated that proteolytic processing of rat ␣-ENaC by endogenous proteases requires co-expression of the ␤-and ␥-subunits (58). Therefore, we performed experiments to compare the effects of ␤␥-hENaC co-expression on the proteolytic processing of ␣-and ␦-hENaC. For this purpose we prepared membrane-enriched fractions from oocyte whole-cell ␦-hENaC Enhances Channel Activity OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42
lysates. To allow detection of both N-and C-terminal fragments, we used ␣-and ␦-hENaC constructs with an N-terminal HA tag and a C-terminal V5 tag (Fig. 5F) .
In ␣-hENaC-and in ␣␤␥-hENaC-expressing oocytes, a band corresponding to the expected size of full-length ␣-hENaC was detected at about 95 kDa. As expected, co-expression with ␤␥-hENaC resulted in the appearance of cleaved fragments of the ␣-subunit that are absent when ␣-hENaC is expressed alone (Fig. 5, A and B) . The main cleavage products detected with the HA and the V5 antibody had a size of about 25 and 68 kDa, respectively (Fig. 5, A and B) . These fragments correspond well to cleavage products previously reported for rat ␣-ENaC coexpressed with ␤␥-rENaC (58). They are likely to reflect cleavage of the ␣-subunit at one of its putative furin cleavage sites (41) . Interestingly, the antibody directed against the N-terminal HA tag of ␣-hENaC revealed another band of about 20 kDa, which may reflect additional cleavage of ␣-hENaC at a site closer to the N terminus. To our knowledge this small N-terminal fragment has not been described for rat or mouse ␣-ENaC (41). If both the 25-and 20-kDa N-terminal fragment resulted from cleavage of full-length ␣-hENaC, a second C-terminal fragment should be detectable in addition to the main 68-kDa C-terminal fragment. However, this was not the case. Therefore, the small 20-kDa N-terminal fragment probably arises from additional cleavage of the 25-kDa N-terminal fragment rather than from cleavage of full-length ␣-hENaC.
In oocytes expressing ␦-hENaC alone or in combination with ␥-hENaC or with ␤␥-hENaC, we detected two prominent bands at about 86 and 75 kDa (Fig. 5, A and B) . Because similar size bands were detected with both the V5 and the HA antibody, they are unlikely to reflect cleavage products but probably reflect glycosylated and nonglycosylated forms of ␦-hENaC. Indeed, in additional experiments using N-glycosidase F or endoglycosidase H f , we confirmed that the larger size band represents a glycosylated form of ␦-hENaC (Fig. 5E ). Importantly, unlike the cleavage induced by the co-expression of ␣-hENaC with ␤␥-hENaC, we did not observe cleavage of ␦-hENaC by co-expressing it with ␥-hENaC or with ␤␥-hENaC (Fig. 5, A and B) . These findings indicate that proteolytic processing of the ␦-subunit differs from that of the ␣-subunit. Our Western blot data also demonstrate that similar overall amounts of ␦-hENaC and ␣-hENaC protein were synthesized in the oocytes. Thus, differences in protein expression levels are unlikely to explain the differences in ENaC currents observed in ␣␤␥-and in ␦␤␥-hENaC-expressing oocytes.
No ␤-hENaC cleavage products were observed in oocytes expressing ␣␤␥-hENaC or ␦␤␥-hENaC (Fig. 5C ). This is consistent with the concept that the ␤-subunit of ENaC is not proteolytically processed (41) . For rat ␥-ENaC it has previously been shown that in addition to the full-length 87-kDa band a 76-kDa cleavage product can be detected in membrane-enriched fractions of oocytes expressing ␥-ENaC alone or in combination with ␣-and/or ␤-ENaC (58). Consistent with this we detected a broad double band probably representing full-length ␥-hENaC with a predicted size of about 95-kDa and an ϳ74-kDa ␥-hENaC cleavage product in both ␣␤␥-hENaC-and ␦␤␥-hENaC-expressing oocytes. Interestingly, in ␦␤␥-hENaC-expressing oocytes we observed an additional ␥-hENaC cleavage product with a molecular mass of about 60 kDa (Fig. 5D) . A ␥-ENaC cleavage product of similar size has previously been reported to occur at the plasma membrane upon activation of ENaC by extracellular proteases (39, 45, 59, 60) . Thus, ␦-hENaC may promote cleavage of the ␥-subunit in the presence of the ␤-subunit. This may contribute to the increased activity of ␦␤␥-hENaC compared with that of ␣␤␥-hENaC. No cleavage of the ␥-subunit was observed in oocytes co-expressing ␦-and ␥-hENaC without the ␤-subunit. In contrast, cleaved ␥-ENaC can be detected in intracellular membranes of oocytes co-expressing the ␣-and ␥-subunits of rat ENaC (58) . The two faint low molecular bands running above and below the 17-kDa marker in Fig. 5D (3rd and 4th lanes) were detected in all five experiments performed. In two out of five experiments these FIGURE 4. ␦␤␥-hENaC has a higher average P o than ␣␤␥-hENaC. Oocytes were injected with cRNAs coding for ␣␤S520C␥-or ␦␤S520C␥-hENaC (each 1 ng per subunit). To increase the P o of these mutant channels close to 1, the sulfhydryl reagent MTSET (1 mM) was added to the bath solution. A and B, representative whole-cell current traces of an oocyte expressing ␣␤S520C␥-hENaC (A) or ␦␤S520C␥-hENaC (B). The small artifacts seen in the traces were caused by voltage step protocols. The resulting current responses were omitted from the traces for clarity. C, average ratios of ⌬I ami measured after MTSET to the initial ⌬I ami (⌬I ami Ϫ MTSET/⌬I ami Ϫ initial). Numbers inside the columns indicate the number of individual oocytes measured. N indicates number of different batches of oocytes. ***, p Ͻ 0.001, unpaired t test. low molecular bands were slightly stronger in the ␦␤␥-hENaC lane than in the ␣␤␥-hENaC lane. These bands may represent additional proteolytic processing of the ␥-subunit or nonspecific protein degradation. Essentially no ␥-hENaC cleavage was observed in oocytes co-expressing ␦␥-hENaC without the ␤-subunit. Moreover, the signal for full-length ␥-hENaC was somewhat reduced in ␦␥-hENaC-expressing oocytes compared with ␦␤␥-expressing oocytes. This suggests that protein expression and proteolytic processing of ␥-hENaC are less efficient in ␦␥-hENaC-expressing oocytes than in ␦␤␥-hENaC-expressing oocytes.
Chymotrypsin Can Activate ␦␤␥-hENaC, but the Stimulatory Effect Is Reduced Compared with That on ␣␤␥-hENaC-Application of extracellular proteases has been shown to increase average ENaC open probability by a dual effect, i.e. by further activation of channels that are already active in the plasma membrane and by the recruitment of a population of so-called near-silent channels (39, 61, 62) . It has not yet been shown whether ␦␤␥-hENaC can be activated by extracellular proteases. Our chemiluminescence data indicate that replacing the ␣-subunit by the ␦-subunit increases ENaC whole-cell currents without affecting channel surface expression. Therefore, the pool of near-silent channels may be smaller in ␦␤␥-hENaCexpressing oocytes than in ␣␤␥-hENaC-expressing oocytes. In this case the relative responsiveness of ␦␤␥-hENaC to extracellular proteases, if present, should be reduced compared with that of ␣␤␥-hENaC. To test this, we used chymotrypsin as a prototypical serine protease known to have a robust stimulatory effect on rat ␣␤␥-ENaC expressed in oocytes (39, 63) . Moreover, unlike trypsin, chymotrypsin does not cause a transient stimulation of a calcium-activated chloride conductance in the oocyte expression system (39, 63, 64) .
In Fig. 6 , A and B, representative current traces are shown that confirm the stimulatory effect of chymotrypsin on ␣␤␥-hENaC and demonstrate for the first time that chymotrypsin can also activate ␦␤␥-hENaC. As expected, the relative stimulatory effect of chymotrypsin on ⌬I ami was significantly smaller in ␦␤␥-hENaC-expressing oocytes than in ␣␤␥-hENaC-expressing oocytes when they were maintained in a usual high Na ϩ (96 mM) bath solution after cRNA injection. Under these conditions application of chymotrypsin increased ⌬I ami on average more than 5-fold in ␣␤␥-hENaC-expressing oocytes but only about 2-fold in ␦␤␥-hENaC-expressing oocytes (Fig. 6C) . FIGURE 5 . Co-expression of ␤␥-hENaC enhances proteolytic cleavage of the ␣-subunit but not of the ␦-subunit. Experiments were performed in oocytes injected with cRNAs for ␦␥-, ␦-, or ␣-hENaC (4 ng per subunit) or with cRNA for ␣␤␥-or ␦␤␥-hENaC (2 ng per subunit). N-terminally HA-tagged and C-terminally V5-tagged ␣-and ␦-hENaC were co-expressed with wild-type ␤-and ␥-hENaC. Western blot analysis of membrane-enriched fractions from oocyte whole-cell lysates was used to study the proteolytic processing of hENaC. Each Western blot represents one of at least five similar blots. Noninjected (n.i.) oocytes demonstrate the absence of a signal in oocytes that do not express ENaC. A and B, ␣-and ␦-hENaC were detected by SDS-PAGE using a 10% gel and an anti-HA antibody (A) or an 8% gel and an anti-V5 antibody (B). The arrows indicate cleavage products. C and D, ␤-or ␥-hENaC was detected by SDS-PAGE (10% gels) using specific antibodies against ␤-(C) or ␥-hENaC (D). E, to investigate whether ␦-hENaC is glycosylated, membraneenriched fractions from oocytes expressing ␦␤␥-hENaC were left untreated (Ϫ) or were treated (ϩ) either with N-glycosidase F (PNGase F) or with endoglycosidase H f (Endo H f ). ␦-hENaC was detected by SDS-PAGE (10% gel) using an anti-HA antibody. F, schematics of ␣-and ␦-hENaC showing the positions of the HA and V5 tag at the N/C terminus. OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42
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Reduced Na ϩ Feedback Inhibition May Contribute to the Increased Average Open Probability of ␦␤␥-hENaC-When oocytes expressing ENaC are incubated in a bath solution containing a normal (i.e. high) extracellular Na ϩ concentration, they become severely sodium-loaded (13) . In oocytes expressing ␣␤␥-ENaC, an increase in intracellular Na ϩ is known to cause feedback inhibition of the channel by enhancing its retrieval from the plasma membrane (50, 54, 65) . Moreover, it has been demonstrated that intracellular Na ϩ also inhibits ␣␤␥-ENaC through an inhibitory effect on channel open probability (66) . In the oocyte expression system it is well established that Na ϩ loading and hence feedback inhibition of ␣␤␥-ENaC can be reduced by incubating oocytes in a low Na ϩ solution after cRNA injection (50, 54, 67) . We hypothesized that in oocytes maintained in low Na ϩ (9 mM) the relative stimulatory effect of chymotrypsin on ␣␤␥-hENaC should be reduced because the open probability of ␣␤␥-hENaC should be increased under these conditions (66) . As illustrated by the representative current trace in Fig.  6D and as summarized in Fig. 6C , this was indeed the case. As expected, preincubation in low Na ϩ significantly increased base-line ⌬I ami in ␣␤␥-hENaC-expressing oocytes (Fig. 6F) and significantly reduced the relative stimulatory effect of chymotrypsin. On average chymotrypsin increased ⌬I ami by a factor of about 2.5 in ␣␤␥-hENaCexpressing oocytes maintained in low Na ϩ compared with a factor of more than 5 in oocytes maintained in high Na ϩ (Fig. 6C) . We also investigated the stimulatory effect of chymotrypsin on ⌬I ami of ␦␤␥-hENaC-expressing oocytes incubated in low Na ϩ after cRNA injection (Fig. 6E) . Interestingly, base-line ⌬I ami was not significantly increased in these oocytes (Fig. 6F) . Moreover, the average 2-fold stimulatory effect of chymotrypsin on ⌬I ami was similar to that observed in oocytes maintained in high Na ϩ after cRNA injection (Fig. 6C) . Collectively, these data indicate that ␦␤␥-hENaC can be activated by extracellular proteases but that the stimulatory effect is reduced compared with that on ␣␤␥-hENaC. A likely explanation for the reduced stimulatory effect of chymotrypsin is the increased base-line open probability of ␦␤␥-hENaC compared with that of ␣␤␥-hENaC. Moreover, our data suggest that one reason for the increased open probability of ␦␤␥-hENaC is its reduced sensitivity to feedback inhibition by intracellular sodium.
␦␤␥-hENaC Stimulation by Chymotrypsin Is Associated with the Appearance of a Cleavage Fragment of ␦-hENaC-It is not
known whether cleavage of ␦-hENaC contributes to channel activation by extracellular proteases. Therefore, we investigated whether ␦␤␥-hENaC activation is associated with the appearance of ␦-hENaC cleavage products at the cell surface. We used ␣-and ␦-hENaC constructs with an N-terminal HA tag and a C-terminal V5 tag to detect biotinylated cell surface ␣-and ␦-hENaC fragments by Western blot analysis (Fig. 7G) . Western blots were re-probed for ␤-actin to confirm that the biotinylated proteins were not contaminated with intracellular proteins (Fig. 7, E and F) . Exposure of ␣␤␥-hENaC-expressing 
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oocytes to chymotrypsin (2 g/ml) for 5 min, a time sufficient for maximal ENaC current activation, did not alter the constitutive appearance of an ϳ95-kDa full-length ␣-hENaC band together with an N-terminal cleavage fragment (ϳ25 kDa) and a corresponding C-terminal (ϳ68 kDa) cleavage fragment (Fig.  7, A and B, 1st and 2nd lanes) . As shown previously for rat ENaC (58, 59 ) the N-terminal and C-terminal fragments correspond to typical cleavage products that arise from ␣-ENaC cleavage at its putative furin cleavage site when ␣-ENaC is co-expressed with the ␤-and ␥-subunit. In contrast, in ␦␤␥-hENaC-expressing oocytes, channel activation by 5 min of incubation with chymotrypsin was associated with the appearance of an N-terminal cleavage fragment with a molecular mass of about 20 kDa (Fig. 7A, 4th lane) that was not present in nontreated control oocytes expressing ␦␤␥-hENaC (Fig. 7A, 3rd lane) . A corresponding C-terminal cleavage fragment that migrates at about 65 kDa was readily detected by the anti-V5 antibody (Fig. 7B,  4th lane) . Detection of biotinylated wild-type ␤-and ␥-hENaC confirmed the previously reported finding that application of an extracellular protease causes cleavage of the ␥-subunit without cleavage of the ␤-subunit (39, 45, 59) . Moreover, our results demonstrate that replacing the ␣-subunit by the ␦-subunit does not alter the cleavage of ␤-and ␥-hENaC in response to chymotrypsin (Fig. 7, C and D) .
Channels with ␦-hENaC Require the Presence of ␥-hENaC to Be Activated by Chymotrypsin-It has previously been shown that the ␥-subunit is particularly important for proteolytic channel activation (39, 46, 59) . Indeed, extracellular application of trypsin activates ⌬I ami in oocytes expressing ␣␥-or ␣␤␥-ENaC but not in oocytes expressing ␣␤-ENaC or ␣-ENaC alone (39) . Therefore, we tested whether ␥-hENaC is required for chymotrypsin-mediated stimulation of ⌬I ami in ␦-hENaC-expressing oocytes. As shown in Fig. 8A , we detected small but significant ENaC currents in oocytes expressing ␦-hENaC alone, which is consistent with previously reported data and suggests that the ␦-subunit can form functional homomeric channels (17) . However, chymotrypsin failed to stimulate ⌬I ami in oocytes expressing ␦-hENaC alone (Fig. 8A) . Similarly, we did not detect a stimulatory effect of chymotrypsin on ⌬I ami in ␦␤-hENaC-expressing oocytes (data not shown). However, chymotrypsin had a significant stimulatory effect on ⌬I ami in oocytes co-expressing ␦-and ␥-hENaC (Fig. 8B) . On average the stimulatory effect was about 2-fold in ␦␥-hENaC-expressing oocytes that is similar to that in ␦␤␥-hENaC-expressing oocytes. These findings demonstrate that the ␦-subunit alone is not sufficient to form channels that can be activated by extra- ␦-hENaC Enhances Channel Activity cellular proteases. Both the ␣-and the ␦-subunit require coexpression of the ␥-subunit to give rise to channels that can be activated by extracellular proteases.
Effect of the Synthetic Peptide ␣-13 on ␣␤␥-or ␦␤␥-hENaCAs reported previously (43), a synthetic 8-mer peptide (Leu 211 -Leu 218 ) in the extracellular loop of the ␣-subunit of mouse ENaC reversibly inhibits ␣␤␥-mENaC expressed in X. laevis oocytes. So far the mechanism of this inhibitory effect is unclear. In particular, it is not known whether the inhibitory effect requires the presence of the ␣-subunit. Therefore, we compared the effect of a homologous human peptide on ␣␤␥-and on ␦␤␥-hENaC currents. We used a synthetic 13-mer peptide (␣-13) corresponding to amino acid residues Leu 180 to Arg 192 in the extracellular loop of ␣-hENaC. Individual wholecell current traces from an ␣␤␥-hENaC-expressing oocyte and from an oocyte expressing ␦␤␥-hENaC are shown in Fig. 9, A and B, respectively. Recordings were started in the presence of amiloride, and washout of amiloride revealed the ENaC-mediated current component. Subsequent application of the synthetic peptide ␣-13 (2.7 M) led to a decrease of the current in the ␣␤␥-hENaC-expressing oocyte. This confirmed the inhibitory effect of the ␣-13 peptide on ␣␤␥-hENaC. However, no inhibition but even a stimulation was observed in the ␦␤␥-hENaC-expressing oocyte. Re-addition of amiloride returned the whole-cell current toward the initial base-line level. As summarized in Fig. 9C the peptide inhibited ⌬I ami on average by about 59% in ␣␤␥-hENaC-expressing oocytes (p Ͻ 0.001). In contrast, in ␦␤␥-hENaC-expressing oocytes (Fig. 9D ) application of the 13-mer peptide led to an average stimulation of ⌬I ami by about 40% (p Ͻ 0.01).
Interestingly, the magnitude of the effect of the peptide varied in individual oocytes (Fig. 9, E and F) . In ␣␤␥-hENaC-expressing oocytes its inhibitory effect on ⌬I ami was variable but present in all oocytes tested (Fig. 9E) . In contrast, a sizeable (Ն20%) stimulatory effect of the peptide was only observed in 8 of 33 ␦␤␥-hENaC-expressing oocytes tested (Fig. 9F) . However, we never observed a substantial inhibitory effect of the peptide on ⌬I ami in ␦␤␥-hENaC-expressing oocytes. We conclude that the ␣-subunit is essential for mediating the inhibitory effect of the ␣-13 peptide. Moreover, replacing the ␣-subunit by the ␦-subunit not only abolishes the inhibitory effect of the ␣-13 peptide but converts it into a stimulatory effect.
Single-channel P o of ␦␤␥-hENaC Is High in Outside-out Patches-To confirm our conclusion that the P o of ␦␤␥-hENaC is high compared with that reported for ␣␤␥-ENaC in the literature, we performed patch clamp experiments in outside-out patches from oocytes expressing ␦␤␥-hENaC. In these patches we were able to detect single channels with an average singlechannel conductance of 11.4 Ϯ 0.1 pS (n ϭ 6) (Fig. 10, A and B) , which is consistent with values previously reported for ␦␤␥-hENaC (17) . Ideally, single-channel P o is estimated from patches with only one active channel in the patch. Therefore, we used single-channel recordings as shown in Fig. 10 to determine the P o of ␦␤␥-hENaC. In the presence of 10 M amiloride, channel openings were brief and flickered as expected for an amiloride-sensitive channel. Washout of amiloride resulted in an increase of the single-channel P o . Indeed, in the absence of amiloride ␦␤␥-hENaC spends most of its time in the open state (Fig. 10C) . In five similar recordings the single-channel P o of ␦␤␥-hENaC averaged 0.89 Ϯ 0.04 (n ϭ 5) in the absence of amiloride. Moreover, analysis of multichannel patches with up to five active channels also supports our conclusion that the P o of ␦␤␥-hENaC is ϳ0.9 (supplemental Table 1 ). Thus, the single-channel P o of ␦␤␥-hENaC appears to be higher than the single-channel P o of about 0.5 previously reported for ␣␤␥-ENaC in various preparations (3) .
Chymotrypsin Does Not Increase Surface Expression of ␦␤␥-hENaC-If single-channel P o of ␦␤␥-hENaC is close to 1, how does chymotrypsin produce a 2-fold increase in whole-cell currents? This could be achieved by new insertion of channels into the plasma membrane or by activation of near-silent channels that are already present in the plasma membrane (39, 61, 62) . To distinguish between these possibilities, we investigated the effect of chymotrypsin on channel surface expression using 
the chemiluminescence assay with FLAG-tagged ␤-hENaC. As shown in Fig. 11 , application of chymotrypsin did not increase channel surface expression in oocytes expressing ␦␤␥-hENaC (Fig. 11A) . In contrast, in matched oocytes from the same batch chymotrypsin had the usual stimulatory effect on ENaC wholecell currents (Fig. 11B) . To confirm that the chemiluminescence assay can reliably detect an increase in channel surface expression, we used two different groups of oocytes injected with either 0.3 or 1 ng of cRNA per subunit (␦␤␥). As expected, the average base-line ⌬I ami and chemiluminescence values were significantly larger in oocytes injected with 1 ng of cRNA per subunit. Importantly, in both groups of oocytes chymotrypsin increased ⌬I ami by about 2-fold (Fig. 11B) without a concomitant increase in channel surface expression. These findings indicate that application of chymotrypsin does not increase channel surface expression but is likely to activate near-silent channels that are already present at the cell surface.
DISCUSSION
In this study we compared the functional properties of ␣␤␥-and ␦␤␥-hENaC heterologously expressed in X. laevis oocytes. The key findings of our study are the following: 1) ENaC whole-cell currents are larger in oocytes expressing ␦␤␥-hENaC compared with those of control oocytes expressing ␣␤␥-hENaC; 2) ␦␤␥-hENaC can be stimulated by chymotrypsin, but the degree of stimulation and cleavage pattern differs from that of ␣␤␥-hENaC. To our knowledge this is the first study to report evidence for proteolytic activation of ␦␤␥-hENaC and to demonstrate that replacing the ␣-subunit by the ␦-subunit increases ENaC activity in co-expression experiments with ␤␥-hENaC.
In the experiments in which we compared base-line ␦␤␥-hENaC and ␣␤␥-hENaC currents in matched groups of oocytes, we made every effort to ensure that the amount and quality of the injected cRNAs were comparable. Experiments were repeated in several different batches of oocytes using several different cRNA preparations. Moreover, we confirmed that the level of protein expression of the three subunits was similar in the ␣␤␥-and ␦␤␥-hENaC-expressing oocytes. Under these conditions ENaC currents were on average about 11-fold larger in ␦␤␥-hENaCexpressing oocytes compared with those in ␣␤␥-hENaC-expressing oocytes. The effect of the ␦-subunit to enhance ENaC currents was robust and preserved even when we used ␣-and ␦-subunits with tagged N and C termini. Taken together our findings indicate that the observed difference is not an artifact ␦-hENaC Enhances Channel Activity OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42 of our experimental design or the expression system but is caused by ␦-ENaC altering the functional properties of the heteromeric channel. It is unclear why our findings differ from those of a previous study in which ENaC whole-cell currents were found to be larger in ␣␤␥-hENaCthan in ␦␤␥-hENaC-expressing oocytes (8) . However, the latter findings are based on a small number of measurements (five oocytes per group) possibly using oocytes from different batches. It is unlikely that the discrepancy with our findings can be attributed to the longer ␦-hENaC splice variant used in the latter study because no functional differences have been observed between the two splice variants (10) .
Using a semi-quantitative chemiluminescence assay, we demonstrated that channel surface expression is roughly similar in ␣␤␥-and ␦␤␥-hENaC-expressing oocytes. Even though with our method we cannot rule out a modest effect of ␦-hENaC on channel trafficking, our results indicate that an increase in channel surface expression is not the underlying cause for the 11-fold larger whole-cell currents observed in the ␦␤␥-hENaC-expressing oocytes. The single-channel sodium conductance of ␦␤␥-hENaC (ϳ12 pS) is known to be larger than that of ␣␤␥-hENaC (ϳ5 pS) (17) . Indeed, our ion substitution experiments, replacing Na ϩ by Li ϩ in the bath solution, indicate that this contributes to the larger whole-cell currents in ␦␤␥-hENaC-expressing oocytes. However, the different single-channel sodium conductance cannot account for the observed 11-fold difference in the whole-cell currents. Collectively, these findings indicate that the major contributing factor is an increased average P o of ␦␤␥-hENaC.
In outside-out patches we observed a single-channel P o of ϳ0.9 for ␦␤␥-hENaC, which is higher than the single-channel P o of ϳ0.5 usually reported for ␣␤␥-ENaC but with a great degree of variability (3) . In contrast to our findings, the P o of ␦␤␥-hENaC has been reported to be ϳ0.5 in a previous study using cellattached patch clamp recordings (17) . However, this latter approach has the inherent difficulty that amiloride cannot be used to determine the current level at which all channels are closed. This can lead to an underestima- ␦-hENaC Enhances Channel Activity tion of channel P o and may explain the discrepant findings. Our observation that the P o of ␦␤␥-hENaC observed in single-channel patch clamp recordings is probably higher than that of ␣␤␥-ENaC supports our conclusion that the overall activity of ␦␤␥-hENaC at the cell surface is higher than that of ␣␤␥-ENaC.
From previous studies we have to assume that different pools of ENaC with different P o values are present at the plasma membrane, including near-silent channels that can be activated by extracellular proteases (39, 61, 62) . Because of their low P o of less than 0.05 (1, 47, 68) , the latter channels will easily escape detection in single-channel recordings. The presence of a population of near-silent channels in addition to channels with a P o of close to 1 could explain the conundrum that we observed a 2-fold stimulatory effect of chymotrypsin on ENaC whole-cell currents in oocytes expressing ␦␤␥-hENaC with a single-channel P o of close to 1. Indeed, if all the channels at the cell surface had a base-line P o of close to 1, this 2-fold increase could only be explained by an additional insertion of channels into the plasma membrane. However, we demonstrated that proteolytic activation of ␦␤␥-hENaC was not associated with an increase in channel surface expression. Thus, the most likely explanation for this observed 2-fold increase in ENaC whole-cell currents is that chymotrypsin activates a pool of near-silent ␦␤␥-hENaC that co-exists with a pool of channels with a high P o . Proteolytic activation of rat ␣␤␥-ENaC has previously been shown to be mediated by a dual effect as follows: (i) the recruitment of nearsilent channels, and (ii) an increase in P o of channels that are already active (39) . This latter effect is unlikely to contribute in a major way to the proteolytic activation of ␦␤␥-hENaC because its single-channel P o is already high. Thus, a higher base-line single-channel P o and a reduced pool of near-silent channels probably explain the reduced stimulatory effect of chymotrypsin on ␦␤␥-hENaC.
That the base-line activity of ␦␤␥-hENaC at the plasma membrane is higher than that of ␣␤␥-ENaC is also supported by the reduced stimulatory effect of MTSET on ␦␤␥-hENaC in the presence of the S520C mutant ␤-subunit. The S520C mutant of ␤-hENaC is analogous to the previously described S518C mutation in the ␤-subunit of rat ENaC. Single-channel recordings of the latter have shown that this mutant channel can be converted to a channel with a P o of close to 1 by MTSET (39, 48) . It is assumed that the corresponding mutation in human ␤-hENaC behaves in a similar way (32) . The mutant ENaC can be activated by MTSET only when the channel is in its open state (48) . However, near-silent channels, at least occasionally, may open long enough for MTSET to act on them and to convert them to channels with a high open probability. Thus, MTSET is likely to increase the P o of both active and near-silent channels in whole-cell experiments. We found that MTSET increased ␦␤S520C␥-hENaC whole-cell currents about 2-fold and ␣␤S520C␥-hENaC whole-cell currents about 7-fold, which is in good agreement with the chymotrypsin data. Provided that MTSET increases P o of both ␦␤S520C␥-hENaC and ␣␤S520C␥-hENaC to nearly 1, these findings indicate that the average P o prior to the application of MTSET was ϳ0.5 for ␦␤␥-hENaC and ϳ0.14 for ␣␤␥-hENaC. With this assumption the average base-line P o of ␦␤S520C␥-hENaC can be estimated to be 3-4-fold higher than that of ␣␤S520C␥-hENaC. Such a difference in average base-line P o may well be a major cause for the larger whole-cell currents observed in ␦␤␥-hENaC expression oocytes. It should be noted that the P o values estimated from the MTSET whole-cell experiments reflect an average P o of all the channels present at the cell surface, including nearsilent channels. In contrast, the single-channel P o of ϳ0.9 determined for ␦␤␥-hENaC in outside-out patches represents the P o of active channels only.
Interestingly, the relative stimulatory effect of chymotrypsin was quite similar in ␣␤␥-and ␦␤␥-hENaC-expressing oocytes maintained in a low Na ϩ solution (9 mM) after cRNA injection to prevent sodium loading of the oocytes. In good agreement with previously reported data (54, 67) , low Na ϩ preincubation significantly increased base-line ENaC currents in ␣␤␥-hENaC-expressing oocytes. Importantly, in these oocytes the relative stimulatory effect of chymotrypsin was reduced. This may be explained by the recently reported finding that an increase in intracellular sodium not only promotes Nedd4-2-mediated channel retrieval but also reduces channel P o (66) possibly by reducing proteolytic channel activation (69) . Thus, base-line P o of ␣␤␥-hENaC is likely to be higher in oocytes maintained in a low Na ϩ (9 mM) bath solution than in oocytes maintained in a standard bath solution containing 96 mM Na ϩ . This would explain why the relative stimulatory effect of chymotrypsin is reduced in the oocytes maintained in low Na ϩ . In contrast, in ␦␤␥-hENaC-expressing oocytes low Na ϩ preincubation had no significant effect on base-line ENaC currents or on the stimulatory effect of chymotrypsin. This suggests that changes in intracellular sodium have little effect on the baseline P o and surface expression of ␦␤␥-hENaC. Interestingly, the ␦-subunit lacks a so-called PY motif (17) , which is highly conserved in the intracellular C termini of the ␣-, ␤-, and ␥-subunits. This motif is thought to be essential for the channel interaction with its ubiquitylating protein Nedd4-2 (70), an important regulatory protein involved in many aspects of ENaC function, including its regulation by intracellular sodium and proteases (71) . Na ϩ self-inhibition by extracellular Na ϩ is a prominent feature of ␣␤␥-hENaC and is abolished after stimulating the channel with extracellular proteases (72) . Interestingly, in the presence of the ␦-subunit the phenomenon of Na ϩ self-inhibition is reduced (30) . Thus, removal of Na ϩ self-inhibition is likely to contribute more to the chymotrypsin-induced stimulation of ␣␤␥-hENaC than to that of ␦␤␥-hENaC. This suggests that a combination of a reduced constitutive Na ϩ selfinhibition and a reduced inhibition by intracellular Na ϩ contributes to the increased base-line activity of ␦␤␥-hENaC.
In this context it is of interest to consider our findings regarding the proteolytic processing of ␦␤␥-hENaC and ␣␤␥-hENaC in the oocyte expression system. Co-expression of ␣-hENaC with ␤␥-hENaC was associated with the appearance of cleaved fragments of the ␣-and the ␥-subunits but not of the ␤-subunit, which is consistent with previous studies using mouse (73, 74) or rat ENaC (58) . These fragments are thought to be the result of channel cleavage by endogenous proteases at putative furin cleavage sites in the extracellular loops of the ␣-and ␥-subunit (41, 73) . In contrast, co-expression of ␦-hENaC with ␤␥-hENaC was not associated with cleavage of the ␦-subunit, which indicates that proteolytic processing of the ␦-subunit is different ␦-hENaC Enhances Channel Activity OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42 from that of the ␣-subunit. In oocytes co-expressing ␦␤␥-hENaC, we detected cleavage of the ␥-subunit that was absent in oocytes expressing ␦␥-hENaC. Thus, co-expressed with ␤␥-hENaC the ␦-subunit, like the ␣-subunit, promotes cleavage of the ␥-but not the ␤-subunit. However, the effect of the ␦-subunit on ␥-hENaC cleavage appeared to be slightly different from that of the ␣-subunit. In ␦␤␥-hENaC-expressing oocytes we detected an additional ϳ60-kDa cleavage product of ␥-hENaC that was not observed in the whole-cell lysate of ␣␤␥-hENaC-expressing oocytes. Interestingly, the ␥-subunit seems to be particularly important for proteolytic channel activation (39, 46, 59) . The underlying mechanism is thought to involve the release of an inhibitory peptide sequence from the extracellular loop of the ␥-subunit by its cleavage at a prostasin (45) , plasmin (40, 60) , or elastase site (75) . Our findings suggest that in oocytes expressing ␦␤␥-hENaC, cleavage of the ␥-subunit by endogenous proteases may be more efficient than in ␣␤␥-hENaC-expressing oocytes. This would correspond well to our finding of an enhanced base-line activity of ␦␤␥-hENaC.
Using biotinylation experiments, we demonstrated that channel activation by chymotrypsin was not only associated with the previously described cleavage of ␥-ENaC (39, 45, 59) but also with the appearance of an ϳ25/ϳ68-kDa (detected from N/C terminus) ␦-hENaC cleavage product at the cell surface. Consistent with data in the literature (41), we did not observe ␣-hENaC cleavage products at the cell surface in response to channel activation by chymotrypsin. There are several putative chymotrypsin cleavage sites localized in the extracellular loop of ␦-ENaC in close proximity to the first transmembrane domain. Cleavage at these sites would result in an N-terminal cleavage product of ϳ18 -25 kDa in good agreement with the ϳ25-kDa fragment detected with the HA antibody directed against the N-terminal HA epitope of the ␦-subunit. Thus, it is plausible that chymotrypsin causes cleavage of ␦-hENaC at the cell surface. The functional relevance of this ␦-hENaC cleavage for proteolytic channel activation remains to be determined. Importantly, we demonstrated that ENaC currents cannot be activated by chymotrypsin in oocytes expressing ␦-hENaC alone in the absence of ␥-hENaC. This indicates that cleavage of the ␦-subunit is not sufficient for ENaC activation and confirms the important role of the ␥-subunit for channel activation by extracellular proteases (39, 46) . Finally, we demonstrated that a 13-mer peptide corresponding to a putative inhibitory region within the extracellular loop of the ␣-subunit of human ENaC can inhibit ENaC currents in ␣␤␥-hENaC-expressing oocytes but fails to inhibit ENaC currents in ␦␤␥-hENaC-expressing oocytes. In fact, the peptide even increased ␦␤␥-hENaC currents in some but not all oocytes without ever causing a substantial current inhibition. The inhibitory effect of the 13-mer peptide on ␣␤␥-hENaC is consistent with the previously described inhibitory effect of a corresponding 8-mer peptide on mouse ENaC (43) . It has been speculated that this peptide mimics the tonic inhibitory effect of the corresponding region of the extracellular loop of ␣-ENaC before this segment is excised by proteases. However, so far it is not known whether the peptide exerts its inhibitory effect by interacting with the ␣-subunit or with an adjacent region in one of the other subunits. Our findings suggest that the presence of the ␣-subunit is necessary for the peptide to inhibit ENaC. It will be a challenge for future studies to determine the basis of the significant albeit variable stimulatory effect of the peptide on ␦␤␥-hENaC. Moreover, sequence alignment revealed that three amino acids are conserved in the region of the ␦-subunit (
180
LSATVPRHEPPFH
192 ) corresponding to the 13-mer inhibitory ␣-peptide. Thus, it may be of interest to test the functional effect of a peptide corresponding to this region of the ␦-subunit.
In summary, we have shown that ENaC whole-cell currents are significantly larger in oocytes expressing ␦␤␥-hENaC compared with control oocytes expressing ␣␤␥-hENaC, and that ␦␤␥-hENaC can be activated by chymotrypsin. Our data indicate that the larger base-line currents of ␦␤␥-hENaC are mainly caused by an increased activity of the channels present at the plasma membrane. This may, at least in part, be a consequence of a reduced inhibitory effect of intracellular sodium on ␦␤␥-hENaC activity. Moreover, the ␦-subunit seems to promote constitutive cleavage of the ␥-subunit, which may favor the presence of active channels at the cell surface and decrease the pool of near-silent channels ready to be activated by chymotrypsin. This may also explain why the relative stimulatory response to chymotrypsin is smaller in ␦␤␥-hENaC-than in ␣␤␥-hENaC-expressing oocytes. Activation of ␦␤␥-hENaC is associated with the appearance of a ␦-hENaC cleavage product at the cell surface. However, the ␦-subunit is not sufficient to mediate proteolytic channel activation and requires the presence of the ␥-subunit.
Collectively our findings indicate that replacing the ␣-subunit by the ␦-subunit has profound effects on ENaC activity and on channel regulation. It is an emerging paradigm that the size of the stimulatory effect of extracellular proteases on ENaC depends on the degree of proteolytic pre-activation of the channel by endogenous proteases (41, 76) . Thus, it is tempting to speculate that the replacement of the ␣-subunit by the ␦-subunit in the heterotrimeric channel favors the constitutive activation of ENaC and reduces the pool of near-silent channels that can be activated by extracellular proteases. Thus, a differential expression of the ␣-and ␦-subunit provides an additional way of regulating ENaC activity according to the needs of different tissues.
